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Abstract-This paper proposes a novel discrete-time direct­
torque and flux control (DTFC) scheme for a permanent­
magnet synchronous generator (PMSG) used in a variable-speed 
direct-drive wind power generation system. The proposed 
DTFC does not rely on machine parameters, such as the 
inductances and permanent-magnet flux linkage, while the main 
advantages of the DTC, e.g., fast dynam ic response and no need 
of coordinate transform, are preserved. The stator flux linkage 
is estimated by an adaptive low-pass filter (LPF), in which a 
variable cutoff frequency is used. The adaptive LPF stator flux 
observer can achieve high estimation precision over a wide 
operating range of the PMSG. A space-vector modulation (SVM) 
module is integrated into the control scheme of the PMSG to 
achieve a fixed switching frequency as well as lower flux and 
torque ripples when comparing with the conventional DTC. The 
overall control scheme is simple to apply and is robust to 
parameter uncertainties and variations. The effectiveness of the 
proposed discrete-time DTFC scheme is verified by simulation 
and experimental results on a 2.4-kW PMSG used in a variable­
speed direct-drive wind turbine system. 
Index Terms-Direct-torque and flux control (DTFC), 
permanent-magnet synchronous generator (PMSG), stator flux 
estimation, wind turbine. 
I. INTRODUCTION 
Wind energy has been recognized as a viable and 
competitive renewable energy source for a long time. Over 
the last two decades, the increasing concerns on energy crisis 
and environmental pollutions have significantly promoted the 
utilization of wind energy. The variable-speed wind turbine 
generators (WTGs) which can be operated in the maximum 
power point tracking (MPPT) mode have attracted 
considerable interests due to their high energy production 
efficiency and low torque spikes [1]. Among different types 
of generators, the permanent-magnet synchronous generators 
(PMSGs) have been found to be superior owing to their 
advantages such as high power density, high efficiency, and 
high reliability. Furthermore, a PMSG with a high number of 
poles can be connected directly to a wind turbine without the 
use of a gearbox, which significantly reduces the construction, 
operation, and maintenance costs of the WTG system [2], [3]. 
Typically, the control systems of PMSGs adopted a 
decoupled current control method executed in a synchronized 
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rotating dq reference frame. Recently, an alternative control 
scheme called the direct-torque control (DTC) has been 
developed for induction machine drives [4] and naturally 
introduced to PMSM drive systems [5], [6]. Due to the 
advantages of fast dynamic response, no coordinate 
transformation, and independence from machine parameters, 
much effort from both academia and industry has driven the 
DTC to be widely used in high-performance servo systems 
[7]. 
In a DTC, the inverter and the machine are conceived as a 
whole so that the stator voltage vectors are selected directly 
according to the differences between the reference and actual 
torques and stator flux linkages. The performance of a DTC 
system is closely related to the stator flux linkage because 
both control variables, torque and flux, are obtained from the 
stator flux linkage. Since it is not practical to measure stator 
flux linkage, it is necessary to estimate it based on the 
machine equations. Among various estimation techniques, 
the pure integration method based on the voltage model of 
the machine is commonly used owing to its simple 
implementation and least parameter requ irement (only the 
armature resistance is required). However, in practice, many 
factors, such as DC-bus voltage fluctuation and drifts of the 
acquired signals [8], will deteriorate the performance of the 
integrator as errors will accumulate. Moreover, because of 
the existence of the permanent magnets, the initial stator flux 
linkage is not zero, which means that the initial rotor position 
is required during the start-up process of a PMSG. In 
addition, due to the effect of the armature resistance, the 
performance of the pure integrator would be worse at low 
rotor speed conditions. Many trials have been done to solve 
the problems associated with the pure integrator. A widely 
used method is to use a low-pass filter (LPF) instead of a 
pure integrator. For example, in [8], a modified integrator 
with an adaptive compensation was designed. In [9] a 
programmable cascade of LPFs (PCLPF) was proposed. 
However, their applications are limited due to the 
requirement of a complicated parameter tuning process or a 
high computational cost. 
In the conventional DTC, two hysteresis comparators are 
adopted to determine the voltage vector for the next control 
cycle. This will lead to irregular and unpredictable torque and 
flux ripples, particularly when the DTC is applied on a digital 
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platform. Many researchers have tried various approaches to 
solve these problems [lO], [11]. An effective technique is to 
integrate a space-vector modulation (SVM) scheme into the 
DTC [12]. More recently, the predictive current control [13] 
and the deadbeat direct-torque and flux control [14] were 
investigated for surface-mounted and interior PMSMs. With 
these control schemes, the dynamic performance of the 
systems is good; however, several machine parameters, e.g., 
stator inductances and permanent magnet flux linkage, are 
indispensable in the control laws. Therefore, the performance 
of the control systems would be influenced by the variations 
of the machine parameters. Moreover, these control schemes 
are based on the inverse motor model or a graphical method, 
which increases the computational complexity. 
This paper proposes a novel discrete-time direct-torque 
and flux control (DTFC) scheme from the prospective of a 
flux vector rotator for direct-drive PMSG wind turbines, 
where only the stator resistance is needed in the overall 
control scheme. A discrete-time adaptive LPF with amplitude 
and phase compensations is designed to estimate the stator 
flux for a wide operating range, which also removes the need 
of the initial rotor position. Other machine parameters, such 
as inductances and permanent magnet flux linkage, are not 
used in the control law, thereby improving the robustness of 
the system to parameter variations. By adopting the proposed 
DTFC scheme, flux and torque ripples are reduced and fast 
dynamic response is retained when comparing with the 
conventional DTC scheme. The proposed DTFC scheme is 
validated by simulation and experimental results for a 2.4-
kW PMSG used in the Southwest Windpower Skystream 3.7 
direct-drive wind turbines. 
II. DIRECT-DRIVE PMSG WIND TURBINE SYSTEM 
The configuration of a direct-drive PMSG wind turbine is 
shown in Fig. 1, where the wind turbine is connected to the 
PMSG directly. The electrical power generated by the PMSG 
is transmitted to a power grid and/or supplied to a load via a 
variable-frequency converter, which consists of a machine­
side converter (MSC) and a grid-side converter (GSC) 
connected back-to-back via a DC link. 
-
-
Wind 
-
Vw q::=+� -
Pw 
-
-
Wind 
Turbine 
GSC i'abc -
Grid 
Fig. I. Configuration of a direct-drive PMSG wind turbine connected to a 
power grid. 
A. Wind Turbine Aerodynamic Model 
The mechanical power that a wind turbine extracts from 
wind is given by: 
1 
3 IL P'II =2PA,v",C,,( )= f(v""w,) (1) 
where p is the air density; A, is the area swept by the blades; 
VOJ is the wind speed; Cp is the turbine power coefficient; OJ, is 
the turbine shaft speed; and A is the tip-speed ratio, which is 
defmed by 
A=�R (2) 
v", 
where R is the radius of the wind turbine rotor plane. 
B. Modeling of the PMSG 
The dynamic equations of a three-phase PMSG can be 
written in a synchronously rotating dq reference frame as 
(3) 
; '1/" =vsq -R, isq -OJ"lf/d (4) 
where Vsq and Vsd are the q-axis and d-axis stator terminal 
voltages, respectively; isq and isd are the q-axis and d-axis 
stator currents, respectively; Rs is the resistance of the stator 
windings; OJe is the electrical angular velocity of the rotor; 
and 'l'q and 'I'd are the q-axis and d-axis flux linkages of the 
PMSG, respectively, given by 
If/d = Ldisd + If/m (5) 
�=�� W 
where Lq and Ld are the q-axis and d-axis inductances of the 
PMSG, respectively; 'I'm is the flux linkage generated by the 
permanent magnets. For a nonsalient-pole PMSG, Ld= Lq = 
Ls. Convert the model from the dq reference frame to the afJ 
stationary reference frame in which the control scheme is 
executed, the dynamic equations of the PMSG are derived as 
(7) 
Ls ; isp =vsp-R"isp-cqlf/",rosB,v (8) 
where Vsa, vsjJ, isa and isjJ are the voltages and currents in the 
afJ reference frame, ere is the electrical rotor position angle. 
The stator flux linkages are then written in 
If/sa = L,isa +If/m rosere (9) 
If/sp = LJsp + If/m sin ere (10) 
The electromagnetic torque Te of the PMSG can be calculated 
by 
r: =� p( If/saisp -If/spisa) 
which is equivalent to 
I: =�L llf/s l lf/III sino 
2 L s 
(11) 
(12) 
where p is the number of pole pairs; 1'1'51 is the magnitude of 
the stator flux linkage; and J is called the torque angle. 
978-1-4673-5202-4/12/$31.00 © 2013 IEEE 
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C. Modeling of the Shaft System 
As the wind turbine is connected to the PMSG directly, the 
shaft system of the WTG can be represented by a one-mass 
model. The motion equation is then given by 
(13) 
where 2H is the total inertia constant of the WTG; w, is the 
shaft or rotor speed; and D is the damping coefficient. 
III. ADAPTIVE LPF -BASED STATOR FLUX OBSERVER 
The control variables in a DTC system are the stator flux 
'lfs and the electromagnetic torque Te. Since Te is obtained 
from 'If" the precision of the stator flux estimation is crucial 
to the performance of the DTC system. To overcome the 
problems associated with the pure integration method, such 
as DC voltage drift and nonzero initial stator flux, an 
improved stator flux observer based on a programmable LPF 
is designed according to the voltage model of the PMSG. 
It is well known that the stator flux can be obtained by 
integrating the back electromagnetic force (EMF) eS(J.jJ of the 
PMSG: 
'lfsap = f (vsap - Rsisap)dt + 'lfsapo = f esapdt + If/sapo (14) 
where 'lfsafJo are the initial values of the stator flux linkage 
vector. In the frequency domain, the transfer function of a 
pure integrator has the form of 
If/sap =_l_=_l_e-J% (15) esap JOJe IOJel 
If the pure integrator is replaced by a first-order LPF, the 
relationship between the stator flux and the back EMF turns 
to be 
(16) 
where 
a=tan-I (�) 
and We is the cutoff frequency of the LPF. To obtain the real 
stator flux described in (15), both the magnitude and the 
phase angle of the LPF output need to be compensated. 
Assume k = we/we. The compensating gain ge and phase angle 
Be for the output of the LPF are as follows. 
ge = Jl + k2 (17) 
B =--+ tan -Jr _I ( I ) e 
2 k 
(18) 
To achieve good stator flux estimation performance for 
various PMSG rotating speeds, it is preferable to adaptively 
adjust the value of We with We. Let k be a constant, such that 
We is proportional to the electrical angular velocity of the 
back EMF. Then both ge and Be are fixed values and are 
irrelevant to We. With a properly tuned k, the precision of the 
estimated stator flux can be ensured for different input 
signals with various frequencies. The stator fluxes after 
compensation have the form of 
If/sa =gc(lf/:axcos Be -1f/:pxsin Bc) (19) 
If/sP = gc(lf/:a xsin Be +1f/:pxcos Be) (20) 
The adaptive LPF-based stator flux observer in the discrete­
time domain is shown in Fig. 2, where Ts is the sampling time. 
With the information of the stator fluxes, the electromagnetic 
torque Te can be estimated using (11). 
Fig. 2. Schematic of the discrete-time adaptive LPF-based stator flux 
estimator. 
IV. DISCRETE-TIME DIRECT-ToRQUE AND FLUX CONTROL 
INDEPENDENT OF MACHINE PARAMETERS 
The schematic of the proposed discrete-time DTFC for a 
non salient-pole PMSG used in a WTG system is shown in 
Fig. 3. A reference voltage vector calculator (RVVC) is 
utilized to calculate the desired voltage vector uS(J.jJ using the 
estimated and reference values of stator flux and 
electromagnetic torque. According to (12), the 
electromagnetic torque Te is a function of two independent 
time-variant variables l'lfsl and 6. Taking the derivative of (12) 
on both sides with respect to time yields 
dT;, = 2.E..1f/ sinox dllf/sl +2.E..11f/ IIf/ cos ox do dt 2 Ls 
m dt 2 Ls s 
m dt (21) 
The discrete-time form of (21) for a short time is given as: 
f:J.T;, = 2.E..If/msin 00 X f:J.llf/sl+2.E..llf/slolf/m cos 00 xf:J.o (22) 2 Ls 2 Ls 
where l'lfslo and 60 are the stator flux magnitude and the torque 
angle at the reference point, respectively. Equation (22) 
demonstrates that the operating mode (related to l'lfslo) and 
loading condition (related to 60) will affect the contribution 
of the changes in the flux and torque angle to the change of 
the electromagnetic torque. 
RWC SVM MSC 
LPF Based Stator 
Flux and Torque j+---="-i 
Estimator 
Fig. 3. Schematic of the proposed DTFC for a direct-drive PMSG wind 
turbine. 
With the information of the torque and stator flux 
references T/[k] and l'lfi[k] as well as the estimated torque 
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and stator flux in the kth step (i.e., the current step) Te[k] and 
l'I'sl[k], respectively, the torque and stator flux increments can 
be calculated 
t.7,:[k] = 7,:*[k] -7,:[k] 
t.1 'l'"si[ k ] = I 'l'"J [ k ]-1 'l'"si[ k ] 
Since 60 = 6[k], l'I'slo = l'I'sl[k], and 
7,:[k] = 2..E...'I'"m l'I'"sl[k]' sin J[k] 2 Ls 
Dividing (22) by (25) yields 
t.7,: [k] t.1 '1'",1[ k] t.J[ k] 
--= + ---7,:[k] l'I'"sl[k] tanJ[k] 
(23) 
(24) 
(25) 
(26) 
Substitute (23) and (24) into (26), the increment of the torque 
angle in a discrete form can be written as 
t.J[k] = tan J[k]X [7,:*[k] J'I'"J[k]J (27) 7,:[k] l'I'"sl[k] 
Fig. 4 illustrates the block diagram of the algorithm for 
calculating the torque angle increment. A small dead band 
should be set up for Te[k] and l'I'sl[k] to avoid a zero 
denominator. The reference stator flux angle (f[k] can then 
be obtained from the following equation. 
B;[k] = t.J[k] + BJk] + OJe[k]I: (28) 
The effect of the rotor speed is taken into consideration by 
adding the term we[k]Ts to compensate the rotor position 
increment when the PMSG operates at a high speed. 
Combining (28) with the magnitude of the desired stator flux 
linkage l'I'sl*, the voltage space vector u'sap[k] neglecting the 
voltage drop on the stator resistance can be calculated, as 
shown in Fig. 5. Considering the effect of the stator 
resistance, the expression of the desired stator voltage vector 
in a discrete form can be written as 
usap[k] = 'I'":ap
[k] - 'l'"sap[k] 
+ RJsap[k] I: 
(29) 
Fig. 6 shows the torque-6 characteristics of a nonsalient­
pole PMSG with different stator flux magnitudes. To be 
operated in the stable region, the torque angle must be within 
the range of (-nn, 71:12). With the knowledge ofusap[k], proper 
switching signals can be generated by the SYM module to 
achieve fast, accurate torque and flux linkage control. 
Te*[k] 
Te[k] 
If/s*[k] 
Fig. 4. Block diagram of the torque angle increment calculator. 
'I'm [k+1] OJ [k] P �� 
'l'm[k] 
'l'sap[k] 
a 
Fig. 5. The reference voltage vector neglecting the stator resistance in the 
vector rotator analysis. 
Fig. 6. The torque-o characteristics of a nonsalient-pole PMSG. 
Y. SIMULATION RESULTS 
Simulation studies are carried out in MATLAB/Simulink 
to validate the proposed discrete-time DTFC scheme for a 
2.4-kW PMSG used in a practical direct-drive WTG 
(Sky stream 3.7). The rotating speed of the WTG ranges from 
50 RPM to 300 RPM. The parameters of the PMSG are listed 
in Table I. In the simulation, the MSC of the PMSG is 
connected to a 300-Y DC source. The control algorithm is 
executed once every 100 Ils, which is typically equal to one 
PWM control cycle in practical applications. 
Table I. parameters of the PMSG 
Number of pole pairs p 21 
Magnet flux linkage 'I'm 0.2532 y·s 
Stator resistance Rs 1.5 n 
d-axis inductance Ld 0.87 mH 
q-axis inductance La 0.91 mH 
The performance of the adaptive LPF-based stator flux 
observer is fIrstly evaluated under the condition of a constant 
speed and torque, with a constant DC offset (0.5% of the 
peak back EMF magnitude espeak) imposed to the back EMF 
es. To prove that the performance of the LPF stator flux 
observer does not rely on the initial values of the a- and p­
axes stator flux linkages, their values are set to be [0, 0] Y·s 
978-1-4673-5202-4/12/$31.00 © 2013 IEEE 
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in both the LPF and the pure integration stator flux observers. 
However, the actual stator fluxes at the beginning are [0.1266, 
0.2193] V·s. The stator flux reference is set as 0.2532 V's, 
the rotor speed is 270 RPM and the torque command is -20 
N ·m. The value of kin (17) is set as 1/-12. The real stator flux 
components and the stator flux components estimated from 
the proposed observer and the conventional pure integration 
algorithm are compared in Fig. 7. Fig. 7(a) shows the 
responses of the stator flux components with respect to time. 
The flux trajectories in the stationary reference frame are 
shown in Fig. 7(b). It can be seen that with the same input, 
the stator flux estimated by the proposed observer converges 
to the real sinusoidal stator flux within half a cycle with a 
high accuracy. On the other hand, the center of the 
trajectories of the stator flux components estimated from the 
pure integrator in the stationary coordinates is deviated from 
the origin. When using the proposed algorithm, the initial 
rotor position of the PMSG is not needed during the startup 
of the PMSG, and the DC drift of the stator flux is also 
eliminated. 
v;-
C. 
� 
<l 
.!: 
X :::I 
0.5 
0.25 
u: -0.25 
� Ul 
� 
� 
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Fig. 7. The responses of the real stator flux and the estimated stator flux by 
the proposed observer and the pure integrator. (a) In the time domain and (b) 
in the stationary reference frame. 
The effects of machine parameter variations are evaluated 
by simulations. The PMSG is operated at 180 RPM and the 
stator flux reference is 0.2532 V' s. The torque command at 
the beginning is -20 N'm, and is changed to -80 N'm within 
one PWM cycle from 0.2 ms to 0.3 ms. The torque responses 
of the proposed DFTC under the conditions of (a) no 
parameter variations, (b) 20% increase in the d-axis and q­
axis stator inductances, and (c) 20% increase in the flux 
linkage generated by the rotor permanent magnet are shown 
in Fig. 8. Compared with Fig. 8(a), the time for the estimated 
torque to follow the torque reference in Figs. 8(b) and (c) 
does not increase. These results verify that the performance 
of the proposed DTFC is independent from machine stator 
inductances and rotor flux. Therefore, the robustness of the 
DFTC to machine parameter variations is ensured. 
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Fig. 8. The effects of parameter variations on the performance of the 
proposed DTFC. (a) No parameter variations, (b) with 20% increase in the d­
axis and q-axis inductances, and (c) with 20% increase in rotor flux . 
The proposed DTFC is applied to control the PMSG of the 
direct-drive WTG. The parameters of the WTG are given as 
follows. The radius of the blades is R = 1.86 m; the swept 
area is 10.87 m2; the air density is p = 1.15 kg/m3; the 
equivalent damping coefficient of the shaft system is D = 
0.001; the turbine power coefficient CiA) is evaluated as 
follows: 
1 Cp =-(J- 2.0086) exp(-0.26U) 
2 
(30) 
where Cp reaches the maximum value of 0.4167 when A is 
equal to 5.84. The momentum of inertia of the PMSG is J = 
0.08 kg-m2. The randomly generated lO-second wind speed 
data is used for simulation study, as shown in Fig. 9(a). The 
wind speed varies in the range of ±2 m/s around the mean 
978-1-4673-5202-4/12/$31.00 © 2013 IEEE 
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value of 7.5 m/s. The stator flux reference is set as 0.2535 
V· s. The torque command for MPPT is given as [16] 
(31) 
where Kopi is a constant determined by the wind turbine 
characteristics, which equals to 0.0843 for the WTG used in 
this paper. The dynamic responses of the electromagnetic 
torque and its command, the rotor speed, as well as the actual 
and the optimal tip speed ratios of the direct-drive PMSG 
wind turbine during wind speed variations are shown in Figs. 
9(b), (c) and (d), respectively. With the proposed DTFC, the 
electromagnetic torque of the PMSG is controlled directly 
and quickly. As a consequence, the rotor speed of the PMSG 
changes by following the pattern of the wind speed variations, 
through which the optimal tip speed ratio of the WTG is 
achieved. As Fig. 9(d) shows, the actual tip speed ratio is 
always around the optimal value Aopi = 5.84 within a range of 
[-0.07, 0.07]. The maximum torque ripple is 1 N·m, which is 
1.2% of the rated torque of the PMSG. Therefore, by using 
the proposed DTFC and the optimal torque command 
calculated from (31), the MPPT of the wind turbine can be 
achieved quickly and reliably by using a single torque control 
loop without the need of wind speed information. 
I 
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Fig. 9. The dynamic perfonnance of the WTG controlled by the proposed 
DTFC. (a) The wind speed, (b) the rotor speed of the PMSG, (c) the 
electromagnetic torque, and (d) the tip speed ratio. 
VI. EXPERIMENTAL RESULTS 
Experimental studies are carried out to further evaluate 
the performance of the LPF-based stator flux observer for the 
PMSG listed in Table I. Fig. 10 illustrates the schematic 
representation of the experimental system setup. The real 
experimental system setup is shown in Fig. 11. A speed­
adjustable PMSM (same as the PMSG) drive is employed to 
emulate the dynamics of the wind turbine to drive the PMSG 
directly. The AC power generated by the PMSG is converted 
to DC power by a three-phase IGBT converter. A DC 
electronic load is connected in parallel with a DC source to 
consume the power generated by the PMSG. The function of 
the DC source is to stabilize the DC-terminal voltage of the 
MSC. The actual rotor position is obtained from an absolute 
encoder with 8192 steps per revolution. The overall control 
algorithm is implemented in a dSP ACE 1005 real-time 
control system with the sampling period of 100 Ils. All of the 
experimental results are recorded using the ControlDesk 
interfaced with dSPACE 1005 and a laboratory computer. 
MSC 
�c 
Source 
& Load 
Fig. 10. The schematic representation of the experimental system setup. 
Fig. 11. The experimental system setup. 
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The performance of the proposed LPF -based stator flux 
observer is evaluated under the conditions of constant and 
variable rotor speeds. Since the actual stator flux linkages are 
difficult to obtain, the expressions (9) and (10), which are 
called the current model of the PMSG, are used as the 
reference model for flux calculation for the purpose of 
performance comparison. The initial stator flux linkages of 
the current model are accurate by using the real rotor position 
in stator flux estimation. The PMSG is controlled by the field 
oriented control with a -5 N'm torque output. The estimated 
stator flux by the proposed observer (0.15 Y's/div) and the 
stator flux obtained from the current model (0.15 Y's/div) 
when the PMSG is operated at 300 RPM are compared in Fig. 
12. The scale of the stator flux estimation error plot is 0.03 
Y·s/div. The result shows that the waveforms of the stator 
fluxes obtained from the proposed LPF-based observer and 
the current model are on top of each other, and the estimation 
errors are always within [-0.005, 0.005] Y·s. 
Measure Pl:P9r@lY(Cl) P2:maX(CI) P3:per@jf(C1) P4:max(C2) P5:max(C3) P6:mln(CJ) P7:max{C4) P8:rms(C4) 
value 9.5011919ms a.S2V 9.5019011 ms B.24V 521 mV -765mV 8.50V 5.849V 
� � � � � � � � 
Fig. 12. Comparison of the stator fluxes obtained from the proposed LPF­
based observer and the current model at 300 RPM. 
The performance of the LPF-based stator flux observer is 
also evaluated when the rotor speed increases linearly. In the 
test the rotor speed increases from 0 RPM to 240 RPM with a 
slew rate of 27 RPM/s. The estimated rotor speed and the 
error between the magnitudes of the stator flux linkages 
obtained from the LPF-based observer and the current model 
are shown in Fig. 13. The a-axis stator fluxes in estimated 
from the two methods are compared in Fig. 14. The error of 
the stator flux magnitudes obtained from the two methods 
decreases from -0.2 Ys (79% of the estimated stator flux 
magnitude from the current model) to 0.01 Ys (4% of the 
value from the current model) within 0.4 s, which 
demonstrates that the LPF-based stator flux observer is 
robust to rotor speed variations and has high estimation 
accuracy within the operating range of the direct-drive WTG. 
The steady-state and transient perfonnance of the PMSG 
with the proposed discrete-time DTFC strategy are shown in 
Fig. 15. In the experiment, the rotor speed is kept at 180 
RPM and the stator flux reference is 0.2532 Y·s. The torque 
command is -10 N· m at the beginning, then increases to -30 
N'm at 3 s, and decreased to -20 N'm at 8 s. Both torque 
command variations are step changes. The commanded and 
estimated electromagnetic torques are on top of each other. 
The torque ripples are within the range of [-1.5, 1.5] N'm, 
which are no more than 2% of the rated torque. The stator 
flux magnitude estimated by the LPF is always around 
0.2532 y·s with the maximum ripples of ±0.0003 y·s (0.12% 
of the rated stator flux). Therefore, the advantages of the 
proposed method, e.g. fast dynamic response and low torque 
and flux ripples in steady-state operation, are verified. 
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Fig. 13. The transient performance of the LPF-based stator flux observer 
during a rotor speed ramp change. 
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Fig. 14. The transient performance of the LPF-based stator flux observer 
during a rotor speed ramp change. 
VII. CONCLUSION 
This paper has proposed a discrete-time DTFC for direct­
drive PMSG wind turbines. The stator flux is estimated by a 
discrete-time adaptive LPF, which eliminates the problems of 
DC voltage drift and needing initial stator flux values, and 
works for a wide operation range of the PMSG. The 
proposed control scheme is independent of inductances and 
permanent magnet flux linkage of the PMSG, thereby 
improving the robustness of the system to parameter 
variations. By adopting the proposed DTFC scheme, flux and 
torque ripples have been reduced and fast dynamic response 
has been retained when compared with the conventional DTC 
978-1-4673-5202-4/12/$31.00 © 2013 IEEE 
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scheme. The proposed DTFC scheme has been validated by 
simulation and experimental results for a 2.4-kW Skystream 
3.7 direct-drive PMSG wind turbine. 
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Fig. 15. The steady-state and transient perfonnances of the PMSG using the 
proposed discrete-time DTFC under step torque changes. 
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